This work aimed to reveal the influence of premixed cosolvent addition to low conductive PEDOT:PSS solution and how the optimized thin film conductivity develops. PEDOT:PSS thin films were obtained by addition of EG and MeOH cosolvent mixture (8, 10, and 15 v/v.%) and the morphological, electrical, optical, and bandgap properties of the films obtained were characterized by different techniques. The addition of mixed cosolvent can effectively control the grain size distribution and thus the conductivity. The optical characterization results revealed that the bandgap decreased with increasing volume of mixed cosolvent. The conductivity characteristics showed that the addition of 10% v/v.% EG-MeOH blend to low conductive PEDOT:PSS solution is optimal. Polymer solar cells (PSCs) were produced with a configuration of ITO/PEDOT:PSS/P3HT:PCBM/Al, which is one of the most common configurations examined.
Introduction
Polymer solar cells (PSCs) have been attracting extensive research interest since they present the unique advantages of flexibility and light weight and potential in terms of inexpensive cost and large-area fabrication [1] . PSCs commonly consist of bulk heterojunction (BHJ) architecture based on a photoactive blend of electron donor and acceptor materials between two electrodes [2, 3] . Polymer:fullerene blends mostly dominate the field of high performance BHJ configuration. To the best of our knowledge, the power conversion efficiency (PCE) of BHJ-PSCs has recently exceeded 14% [4] [5] [6] , which is a great improvement for applications of commercial roof-top photovoltaic systems. Despite the tremendous development in photovoltaic characteristics, BHJ solar cells have some limitations such as low charge mobility and insufficient light absorption [7] . To overcome these limitations, different techniques and approaches have been taken into consideration. In particular, the introduction of innovative materials, optimization of device architecture, and interface modifications have been reported as effective approaches to enhance the photovoltaic characteristics of PSCs [8] [9] [10] [11] .
In organic electronics, PEDOT:PSS (poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate)) is one of the most commonly used conducting polymers, mainly because of its high optical transparency and solution processability [12, 13] . Solution-processed photovoltaic devices have attracted significant attention owing to their ease of manufacturing and low-cost production in large-scale applications [14] . Spin coating is the * Correspondence: ckirbiyik@ktun.edu.tr simplest solution process for low-cost and uniform deposition of semiconductor thin films on a substrate [15] .
Another advantage of this deposition technique is the easy control of thin film properties by changing solution concentration, spin speed, acceleration rate, and so on.
The PEDOT:PSS solution used in electronic devices is classified into two types: highly conductive PEDOT:PSS and low conductive PEDOT:PSS. Low conductive PEDOT:PSS has been extensively studied as a hole transport material for PSCs. In the conventional configuration, the BHJ layer is mostly located between ITO substrate coated with PEDOT:PSS film and a metal low work function electrode. However, many studies have reported that the relatively low conductivity of PEDOT:PSS is still an obstacle in optoelectronic devices due to the presence of insulating PSS [16, 17] . There have been several investigations to improve the morphology, conductivity, and structure of PEDOT:PSS. According to the studies, solution treatment of PEDOT:PSS thin film or solvent addition into its solution form plays a critical role in changing the morphological or electrical properties [18] . The addition of organic solvents like ethylene glycol (EG) or dimethyl sulfoxide (DMSO) and polar organic solvents like methanol (MeOH) or isopropyl alcohol to the solution form of PEDOT:PSS results in an improvement in the electrical conductivity of the thin film obtained [19] [20] [21] . Solvent addition has been reported to initiate the macroscopic phase separation of PSS [22] . Based on a theory, the addition of a solvent with high boiling point to PEDOT:PSS solution leads to reorientation of polymer chains, developing percolating networks of high conductivity at high temperatures [18] . Together with the importance of solvent choice, the addition of two different solvents has also been reported to improve the electrical properties of PEDOT:PSS [23] . The reports have ascribed the performance enhancement to the morphological change in the PEDOT:PSS layer and the solvent-induced conductivity improvement [24] . Therefore, in the present study, the effect of mixed cosolvent of EG and MeOH was investigated on the structural changes in PEDOT:PSS, thereby effecting an improvement in the electrical properties of thin films obtained. Herein, this study show that the doping of mixed cosolvent of EG and MeOH into low conductive PEDOT:PSS solution can control the grains of PEDOT:PSS thin films obtained to improve their conductivity. The morphological and electrical properties of PEDOT:PSS thin films were characterized as a function of mixed cosolvent concentration in the range from 8% to 15% and the optimal doping concentration was found. According to the morphological analysis, the surface characteristics showed that mixture cosolvent addition can finely control the nanomorphology of PEDOT:PSS thin films. The results showed that the electrical conductivity changes from 0.0158 to 0.113 S cm −1 by variation in the doping concentration. Additionally, the influence of mixed cosolvent in PEDOT:PSS to enhance the PCE of BHJ polymer solar cells was investigated. Compared with the nondoped device (produced a PCE of~2.3%), the proposed doping of mixed cosolvent of EG and MeOH approach produced a 20% enhancement in PCEs (~2.7%). The mixed cosolvent addition provides a simple way to convert the PEDOT:PSS film to its more higher conducting form and the films obtained can be used to enhance the photovoltaic characteristics of PSCs and the performance of organic electronic devices.
Experimental

Materials and device fabrication
Pieces of indium tin oxide-coated glass (ITO glass) with dimensions of 1.5 cm ×1.5 cm were sonicated in Hellmanex detergent solution, deionized (DI) water, acetone, isopropyl alcohol, and again DI water for 20 min successively. Then the clean ITO substrates were dried with a nitrogen gun and treated with oxygen plasma for 5 min.
Aqueous solution of PEDOT:PSS (PVP AI 4083) was acquired from Heraeus Clevios. Ethylene glycol (EG, 99.9% purity, Sigma-Aldrich) and methanol (MeOH, anhydrous, 99.8%, Sigma-Aldrich) were used without any further purification. The stock solvent doping was prepared by mixing of 50 vol.% of EG and 50 vol.% of MeOH followed by stirring for 2 h. Then 8, 10, and 15 vol.% of this premixed solvent doping were added to PEDOT:PSS aqueous solution. The resulting mixtures were stirred for 24 h, after which they were filtered using a polytetrafluoroethylene (PTFE, 0.22 µm) syringe filter. The fabrication of devices was performed in ambient atmosphere. The PEDOT:PSS thin films (50 nm) were deposited on ITO glass by spin coating at 1000 rpm for 1 min. The spin-coated surfaces were then annealed on a hot plate at 160°C for 10 min to remove the residual solvents. Poly 
Characterization
The 
Results and discussion
For the investigation of possible alterations in the film morphologies of PEDOT:PSS surfaces doped with mixed cosolvent and for better understanding the relation between conductivity and morphology, nondoped and doped PEDOT:PSS surfaces were investigated by AFM technique. Figures 1 and 2 show representative 2D and 3D AFM images of PEDOT:PSS thin films, respectively. Quite smooth surface characteristics were observed from all PEDOT:PSS surfaces and there was no significant aggregation. The number of chain-like nanostructures (marked by circles in Figure 1a ) at the surface obviously decreased after mixed cosolvent doping. In particular, increased grain size leads to a decrease in energy barriers, resulting in a conductivity improvement [26] . PEDOT chains with a linear nanostructure and larger grain size are considered to be the significant characteristic in the overall conductivity of PEDOT:PSS surfaces, since this can promote charge hopping.
The conductivity of PEDOT:PSS film is the most important parameter for high-performance PSCs and the improvement of film conductivity by doping of cosolvents has been widely investigated by researchers [27] . Figure 4 shows the conductivities of PEDOT:PSS films doped with various volumes of mixed cosolvent. As seen, the conductivity of doped films dramatically increased with the increasing mixed cosolvent volume and gave the highest conductivity of 0.113 S cm −1 at the doping of 10 v/v.% mixed cosolvent. Evidently, a minimum volume of 8% mixed cosolvent is required to increase the conductivity.
The mechanism for performance improvement through mixed cosolvent addition was investigated via different physical and chemical characterizations. The UV-Vis absorption and the transmittance spectra of the PEDOT:PSS films on ITO substrates are given in Figures 5a and 5b , respectively. The UV-Vis absorption spectra of all PEDOT:PSS films showed similar peaks in the wavelength range of 350-800 nm and the absorption increased for visible and near infrared (NIR) regions, starting from approximately 400 nm. It could be ascribing to the bipolaron subbandgap transition, which is a result of PSS doping in PEDOT [28] . The strongest bipolaron absorption is seen for the nondoped PEDOT:PSS surface and in the general trend absorption decreases with increasing volume of mixed cosolvent. The findings are consistent with the conductivity results. It can be seen that the transmittance increased after the addition of mixed cosolvent with the exception of the doping volume of 8%. In general, the transmittance is above 80% in the wavelength from 300 to 800 nm and the transmittance photon energy and α is the absorption coefficient ( Figure 6 ). The bandgap of the nondoped PEDOT:PSS was 2.22 eV, whereas it was 2.21, 2.20, and 1.98 eV with the doping of 8, 10, and 15 v/v.% mixed cosolvent, respectively. As seen, bandgap values decrease with increasing volume of mixed cosolvent. Since the conductivity is directly related to the bandgap, it could be said that the conductivity is increased by the decrease in the bandgap of PEDOT:PSS films [29] . In addition, the decrease in the bandgap after the doping procedure could be attributed to increased absorption, thereby increasing the photocurrent of the solar cell [30] . It is clear that the electrical and optical properties can simply be tuned by cosolvent addition. For the investigation of the mixed cosolvent addition to low conductive PEDOT:PSS on photovoltaic performance, PSCs were fabricated using PEDOT:PSS doped with various volumes of mixed cosolvent. From J-V measurements, short circuit current density (J sc ), open circuit voltage (V oc ) , fill factor (FF), and PCE (?) were extracted under illumination conditions. The current density obtained at zero bias applied is J sc , whereas the voltage at which no current flows is V oc and theoretical maximum power that the cell can deliver is FF.
The PCE is determined by dividing the maximum power point by the incident light irradiance (P in ), as given below (Eq. (1)): Figure 7a presents the current density-voltage (J-V) curves and the device performance parameters extracted from the J-V curves are given in Table 1 . The control device produced with a nondoped PEDOT:PSS layer showed a PCE of 2.25% with a J sc of 12.15 mA cm −2 , a V oc of 0.455 V, and a FF of 40.7%. This PCE is comparable to results reported in the literature, which can be seen in Table 2 [ The results present a simple and useful method to improve the photovoltaic parameters of inverted PSCs fabricated.
The shunt resistance (R sh ) and series resistance (R s ) of a solar cell could supply information about charge transport properties. There are many different methods to obtain R sh and R s . Roughly, R s is the slope of the J-V curve at zero voltage, while R sh is the slope of the J-V curve at zero current. The obtained values from the J-V curves are shown in Table 3 . The doped devices present improvements in R s values from 27.4 Ω to 27.1 Ω . The R s values of the devices with mixed cosolvent-added films slightly decreased with increasing ratio of doping until 10 v/v.%. Although the device still showed a high J sc value at the doping of 15 v/v.%, the R s value showed a small increase, which may be caused by increasing roughness. The variation in J sc values corresponds to increasing conductivity after the addition of mixed cosolvent and the decreasing R s values of the devices. The R sh values were 27.5 Ω , 30.6 Ω , and 29.7 Ω for the devices fabricated with PEDOT:PSS films doped with 8, 10, and 15 v/v.% mixed cosolvent, respectively, which are higher than that of the control device (24.7 Ω) . As the R sh is mainly related to the leakage current because of the charge back recombination, the higher values of R sh reflect lower leakage current [36] . Relatively low R sh values are generally characterized in which the photocurrent is significantly smaller than for a commercial silicon cell [37] . It can be said that power losses occur in solar cells due to the alternate current path provided. This issue must be investigated before large-scale industrial applications. For all devices, Figure 7b presents the J-V curves measured under dark conditions. The J-V characteristics under dark conditions can be identified by the Shockley-Read-Hall equation below:
where J and J o are the current density and reverse saturation current density, respectively, and q is the elementary charge, n is the diode ideality factor, V is the applied voltage, k B is the Boltzmann constant, and T is the absolute temperature. The n and J o values calculated by using J-V measurements obtained under dark conditions are shown in Table 3 . Strong doping ratio dependency for the n and J o values was observed. Table  3 shows that the J o values increase with the doping ratio. For the control device, the n value was calculated to be 2.73, whereas it was calculated to be 2.64, 2.61, and 2.63 for the devices fabricated with PEDOT:PSS films doped with 8, 10, and 15 v/v.% mixed cosolvent, respectively. Such a decrease indicates a reduction in the recombination rate [38] . These results obtained are consistent with the findings of the R s and R sh calculation.
n values greater than unity indicate a deviation from the ideal diode, which could be attributed to nonuniformity of the absorber layer [39] . Figure 8 shows the EQE spectra of the control device and the champion cell prepared with PEDOT:PSS film at the doping of 10 v/v.%. An EQE of~45% at 500-600 nm was calculated for the best solar cell, whereas EQE of~40% was calculated for the control device. There is a significant enhancement decrease after mixed cosolvent doping. The results indicate that the doping process improves the solar spectral coverage and thus device performance. 
Conclusions
In the present study, the effect of EG and MeOH mixture as a cosolvent additive on the morphological, electrical, optical, and energy bandgap properties of PEDOT:PSS thin films was demonstrated. It was found that the addition of EG and MeOH cosolvent mixture to PEDOT:PSS can enhance film conductivity. The doping of EG and MeOH cosolvent mixture into PEDOT:PSS enlarged grain size, indicating the aggregation of PEDOT-rich nanostructures on the surface, and improved conductivity. The film conductivity increased to 0.113 S cm −1 at the doping of 10 v/v.%. The doped PEDOT:PSS films were utilized to fabricate photovoltaic devices and their photovoltaic characteristics were characterized. The champion cell prepared with PEDOT:PSS film at the doping of 10 v/v.% (yielded a PCE of 2.7%) presented a 20% enhancement due to increased values of V oc and J sc and reduced recombination rate. This study provides a simple procedure to improve the morphological and electrical properties of low conductivity PEDOT:PSS. The characterization results would be useful to improve the PCE of PSCs.
